The protein ␣-synuclein, implicated in Parkinson's disease, was studied by combining nano-electrospray ionization (N-ESI) mass spectrometry and ion mobility. It was found that both the charge-state distribution in the mass spectra and the average protein shape deduced from ion mobility data, depend on the pH of the spray solution. Negative-ion N-ESI of pH 7 solutions yielded a broad charge-state distribution from Ϫ6 to Ϫ16, centered at Ϫ11, and ion mobility data consistent with extended protein structures. Data obtained for pH 2.5 solutions, on the other hand, showed a narrow charge-state distribution from Ϫ6 to Ϫ11, centered at Ϫ8, and ion mobilities in agreement with compact ␣-synuclein structures. The data indicated that there are two distinct families of structures: one consisting of relatively compact proteins with eight or less negative charges and one consisting of relatively extended structures with nine or more charges. The average cross section of a-synuclein at pH 2.5 is 33% smaller than for the extended protein sprayed from pH 7 solution. Significant dimer formation was observed when sprayed from pH 7 solution but no dimers were observed from the low pH solution. A plausible mechanism for aggregate formation in solution is proposed. (J Am Soc Mass
P
arkinson's disease (PD) is the most common age-related neurodegenerative movement disorder caused by a loss of dopaminergic neurons in the substantia nigra region of the brain stem [1] . PD is among a family of amyloidogenic diseases including Alzheimer's, Huntington's, ALS, and Type II diabetes. The hallmark feature of PD is the presence in the cerebral cortex of intracellular inclusions, Lewy bodies and neurites [2, 3, 4] . Although PD is linked to the aggregation and fibril deposition of the protein ␣-synuclein (␣-syn), the role of ␣-syn in the pathogenic process is unclear. Unfortunately, traditional techniques such as X-ray diffraction and NMR spectroscopy have been ineffective in elucidating the structure of the 140aa residue protein (Figure 1 ) because ␣-syn does not appear to have a well-defined native fold or detectable secondary structure [5, 6] in aqueous solution. Smallangle X-ray scattering studies show that ␣-syn has a radius of gyration (R g ϳ 40 Å) that is smaller than predicted for a fully extended random-coil conformation (52 Å) but larger than expected folded globular protein (15 Å) [7] . In the presence of acidic phospholipid vesicles, ␣-syn undergoes a conformational change, forming some ␣-helical structure observable by both CD and NMR spectroscopies [8] . Interestingly, in contrast to the monomeric protein, larger oligomeric ␣-syn intermediates cause membrane leakage, providing further support for the hypothesis that protofibrils rather than fibrils may be neurotoxic [9] . It also has been shown that, at higher protein concentrations (Ͼ100 M), ␣-syn exhibits ␤-structure prior to fibril formation [10] . These findings that ␣-syn undergoes large environmentally induced conformational changes are of great interest; one or more of these species could disrupt cellular function through adverse membrane interaction, leading to PD.
N-ESI and ESI mass spectrometry has proven to be a useful technique for studying noncovalent interactions in select biopolymeric systems [11] . Studies by Robinson and co-workers using mass spectrometry on the self assembly of insulin aggregates involved in Type II diabetes demonstrates that mass spectrometry can identify the solution states of oligomeric proteins [12] . Further, when mass spectrometry is coupled with ion mobility measurement [13, 14, 15] additional important information on molecular conformation can be obtained as shown in work by Bowers and co-workers [16, 17] , Jarrold and co-workers [18] , and Clemmer and coworkers [19, 20] .
In this paper we employ mass spectrometry coupled to ion mobility measurements to probe the structure of monomeric ␣-syn and to give clues on the mechanism of aggregation of ␣-syn. In both instances we demonstrate the importance of initial solution conditions, especially solution pH, and that solution structures are essentially maintained in the solvent-free environment of the instruments used in the work reported here.
Experimental

Sample Preparation
The wild-type human ␣-syn expression plasmid (pRK172) [21] was provided by Dr. Ralf Langen (Keck School of Medicine, USC) and was chemically transformed into E. coli BL21(DE3)pLys-S cells (Stratagene Inc., La Jolla, CA). Recombinant ␣-syn was expressed and purified using minor modifications of published procedures [22] . Following boiling and acid precipitation steps, ␣-syn was chromatographed on a Q-Sepharose Fast Flow 16/10 column (Amersham Biosciences, Buckinghamshire, England) equilibrated with 20 mM Tris buffer (pH 8.0) and eluted with a linear gradient from 0 to 0.5 M NaCl. ␣-syn-containing fractions were pooled and further purified on a Mono-Q 10/10 column (Amersham Biosciences). Purity of the protein samples was assessed by SDS-PAGE on a Pharmacia Phastsystem (GMI Inc., Albertville, MN, USA). The molecular weight of recombinant protein was confirmed by ESI-MS (Caltech Protein/Peptide Microanalytical Laboratory, Pasadena, CA, USA). All solvents were purchased from Sigma (St. Louis, MO).
Samples for the N-ESI-MS/ion mobility experiment were prepared by dissolving lyophilized protein in water to make a 50 M ␣-synuclein stock solution. Concentration of stock solution was determined using absorption spectroscopy with an extinction coefficient (280 nm) ϭ 5120 M Ϫ1 cm Ϫ1 [8] . pH 7 and pH 2.5 solutions in ammonium acetate buffer were prepared by dialysis of ␣-syn stock solution in 1L of 5mM ammonium acetate using Slide-a-lyzer Mini Dialysis Unit (3.5K MWCO, Pierce Biotechnology, Rockford, IL, USA) for 24 hours. pH was adjusted with HCl or NH 4 OH to obtain the desired pH of the buffer solution.
Instrumental
Ion mobility coupled to mass spectrometry is a unique tool to explore the shape of polyatomic ions. The ion structure is obtained by measuring the collision cross sections in a high pressure drift tube filled with helium gas. Briefly, the instrument is composed of a nanoelectrospray ionization (nano-ESI) source, an ion funnel, a drift cell, and quadrupole mass filter [23] . N-ESI gold metal coated borosilicate capillaries (0.1mm od/ .78mm id), purchased from Proxeon, Germany, are filled with between 2 and 5uL of sample solutions. Ions are generated from solution in the nano-spray source which creates a continuous beam of ions that are injected into an ion funnel. The ion funnel is the interface to the vacuum system and can also be used as an ion storage device to convert the continuous ion beam into short ion pulses for cross section measurements [23] . Ions are then pulsed into the drift cell, where they are quickly thermalized by collisions with the helium buffer gas present at a pressure of 5 Torr. Due to the balance between the force imposed by the electric field (E) and the retarding force of friction, the ions obtain a constant drift velocity (v D ) which is proportional to E with the low field mobility K being the proportionality constant [24] .
The ions exiting the drift cell are analyzed in a quadrupole mass analyzer and detected as a function of time to obtain an arrival time distribution (ATD). Using kinetic theory it is possible to relate the ion mobility to the collision cross section and thus to the arrival time, t A , at the detector:
where q is the ion charge, T the temperature in Kelvins, p the pressure in Torr, the reduced mass of the ion-He collision, k B the Boltzmann constant, N the He number density at STP, the cell length and t 0 the time the ion spends after exiting the mobility cell before hitting the detector. The ion mobility process allows us to separate ions of the same mass-to-charge (m/z) ratio that may have different conformations. Ions with compact conformations have a small cross section and large mobility, and the opposite is true for extended structures.
Molecular Modeling
Model structures were generated by molecular mechanics for comparison of their cross sections with experiment. An extended all-␣-helical conformer and a compact globular conformer were assembled using the standard AMBER [25] amino acid residues with all basic sites (amino groups) protonated and all acidic sites (carboxylic acids) deprotonated. All calculations were carried out on structures in the absence of solvent. The ␣-helical conformation was obtained by setting all and ⌿ angles to -57°and -47°, respectively (see for example, [26] ). The globular structure was the most compact structure located from a set of 100 candidate structures. The candidate globular structures are the result of the following sampling procedure. Geometries were sampled every 30 ps during a 3 ns dynamics run at 800 K and each geometry was rapidly cooled to 0 K using a linear temperature profile with a slope of 80 K/ps and subsequent energy minimization. As this type of temperature profile is not expected to allow sufficient equilibration the resulting candidate structures are most likely not properly annealed. However, the most compact of these structures appear to be tightly packed and near spherical and provide a good lower limit for both the radius of gyration and the cross section for this size protein. Cross sections of model structures were obtained using the exact hard sphere scattering procedure [27] .
Results and Discussion
Mass spectra in both positive and negative ion mode were obtained for ␣-syn with various initial pH solutions. However, since ␣-syn is a negatively charged protein in solution (excess charge of -9) at pH 7 the negative ion spectra will be discussed here. The negative ion mass spectra of ␣-syn for pH 2.5 and pH 7 solutions in 5mM ammonium acetate are shown in Figure 2 . The mass spectrum of the protein from pH 2.5 solutions (Figure 2a ) shows a narrow charge state distribution from Ϫ6 to Ϫ11 with a sharply peaked maximum intensity at -8. Protein sprayed from neutral pH solution (Figure 2b ) exhibits a spectrum with a broader charge state distribution that includes additional charge states Ϫ12 to Ϫ16 with a new maximum intensity at Ϫ11. Interestingly, ␣-syn dimers also are observed with charge states Ϫ17 to Ϫ21 (Figure 2b ). The solutions do not form a stable spray under basic conditions (in either positive or negative ion mode) so no mass spectra were obtained from solutions with pH greater than 7.
It has long been accepted that initial solution pH affects charge state distributions of proteins observed by ESI-MS, a phenomenon that has been attributed to changes in the solution-phase conformations [28] . For a typical protein, a charge state distribution centered at low charge states indicates the presence of folded conformations (fewer sites exposed for deprotonation during the electrospray process), whereas a distribution of higher charge states indicates the protein exists in more extended conformations [28, 29] . Hence, the ␣-syn mass spectrum from a pH 2.5 solution (Figure 2a) suggests the presence of compact conformations under acidic solution conditions, whereas the spectrum from pH 7 solutions (Figure 2b ) suggests more open conformations. Most proteins unfold at low pH but ␣-syn has a very acidic C-terminal region which upon protonation can lead to protein collapse and compact structures. ␣-syn is considered to be one of the 90 or more proteins known to be intrinsically disordered at neutral pH [30] and our conclusions based on mass spectrometry are in qualitative agreement with results obtained using far-UV circular dichroism, fluorescence, FTIR, NMR, and small angle x-ray scattering (SAXS) methods [8, 32] . These researchers conclude that ␣-syn is "natively unfolded" at neutral pH because of its low intrinsic hydrophobicity and high net negative charge. Thus lowering the pH decreases the net charge of ␣-syn which Uversky et al. [31] suggest results in the partial folding of the molecule. The charge reduction as pH is lowered is evident in the mass spectra of Figure 2 . Figure 3 shows the ATDs for the Ϫ7, Ϫ8 and Ϫ9 charge states of ␣-syn obtained from pH 2.5 solutions at several injection energies. At low injection voltages the ions are gently pulsed into the mobility cell and only need a few "cooling" collisions to reach thermal equilibrium with the buffer gas. At high injection voltage the larger collision energy leads to internal excitation of the ions before cooling and equilibration occur. This transient internal excitation can lead to annealing, i.e., partial or complete isomerization to the most stable conformers or, if they are present, dissociation of dimers and higher aggregates [32] . Understanding this process allows interpretation of the ATDs in Figure 3 .
At low injection voltage (20 V) the ATD for the -7 charge state of ␣-syn (Figure 3a) has a narrow distribution at relatively short arrival time. The narrowness of the ATD is consistent with a single family of conformers and the relatively low cross section of 1425 Å 2 indicates these conformers are compact. At an intermediate injection voltage of 40 V the ATD becomes broader, displaying multiple features that are interpreted as less compact isoforms of the initial structure observed at the lowest injection energy. By 100 V a narrow distribution at longer time is observed, indicating the compact "solution structures" obtained at low injection energies have been annealed to a family of more extended structures with a cross section of 1762 Å 2 . These data provide compelling evidence that when compact solution structures of ␣-syn are sprayed, substantial internal excitation is required to isomerize them to more stable solvent free isoforms.
The -8 ion (Figure 3b ) reacts much like the -7 charge state as injection energy is varied. However, the -9 charge state has only one extended family of structures regardless of injection energy (Figure 3c ), indicating an extended "solution structure" is being sprayed. Similar results are found for charge states above Ϫ9.
Cross sections obtained from the ATDs of the various charge states are plotted in Figure 4 . Clearly, two distinct types of ␣-syn structures are observed; a family of compact structures prominent in charge states Ϫ6 through Ϫ8 (solid circles in Figure 4 ) and a second family of extended structures carrying 9 and more negative charges (open circles in Figure 4) . The transition from one population to the other occurs between charge state Ϫ8 and Ϫ9 with an increase in cross section of over 50% (ϳ800 Å 2 ). Cross sections of extended conformations increase with increasing charge state indicating that structures continue to elongate as more charges are added, presumably due to Coulombic repulsion between the negative charges. Also shown as dashed lines in Figure 4 are the cross sections calculated for the two model structures described in the "Molecular Modeling" section; the all-helical conformation and the compact globular structure. Neither of these two structures is expected to be a realistic model of the actual protein but is intended to be a "yardstick" for comparison with the experimental data; the helix an extreme extended structure and the globule a compact structure. It is evident that the cross sections of charge states Ϫ6 through Ϫ8 are in good agreement with the theoretical cross section of the compact globular structure, confirming these charge states are (partially) col- Figure 4 ) are much larger than the globular theoretical structure, but not as extended as the all-helical structure, consistent with substantially unfolded structures.
The question arises as to how the structures of species observed in solvent-free environments correlate with those present in the solution they are sprayed from. While this point has been addressed above, further discussion is useful. Clearly, solution properties are reflected in the charge state distributions shown in Figure 2 . Changing a solution property, pH, dramatically changes the mass spectrum even though the spray conditions were essentially unchanged. When spraying from pH 7 solutions, the charge state distribution is centered about charge state Ϫ11. As expected, lowering the pH reduces the negative charge on ␣-syn and narrows the distribution, centering it at about -8.
The ion mobility results indicate a dramatic change in structure occurs with pH as well. From the cross section data in Figure 4 and the mass spectra in Figure  2 we can estimate how the average "shape" of ␣-syn varies with solution pH: at pH 7 relatively open structures are obtained ( avg ϭ 2530 Å 2 ), whereas at pH 2.5 more globular, compact structures occur ( avg ϭ 1690 Å 2 ). These results nicely correlate with the findings of Fink and coworkers [31] where they found the radius of gyration decreased by about 25% going from pH 7 to pH 3 as measured by small angle X-ray scattering (see Figure 4 ). Our measured average cross section decreases 33% over a slightly larger pH range. While radius of gyration and cross section do not map one to one, the agreement is apparent.
There is compelling evidence for very large systems (in the 1 megadalton range) that the solvent-free ions formed by electrospray do in fact retain solution-phase structures [33] . Conversely, for small peptides and synthetic polymers it is clear that solution structures are lost and the ions rearrange to preferred solvent-free configurations [16, 34] . In between, the situation is not so clear. For the amyloid ␤-peptide, A␤42, implicated in Alzheimer's disease, there is evidence that the solution structure is essentially retained when the water solvent evaporates. The peptide does "shrink" somewhat when dehydrated as intramolecular interactions replace peptide-H 2 O interactions but the backbone integrity is retained [35] .
For relatively small nucleotide complexes it also appears that solution structures are retained when they are sprayed. For example, (dCG) 7 duplexes form helices in solution and a helix motif is retained following dehydration according to ion mobility results [36, 37] . Even systems as small as (guanosine) 4 Na ϩ , which forms a quadruplex in solution, has its structure maintained when sprayed and the water evaporates, even though modeling suggests a globular structure is lower in energy [37, 38] .
For very large systems, especially aggregates like the chaperonin GroEL [39] , it is reasonable that dehydration does not affect structure. For smaller systems the key issues are whether solvent-free and solvated structures are intrinsically the same or different and if different what are the rearrangement barriers. It is useful to view the process as follows:
where (P) Ϫz is a protein with z negative charges. While this scheme is not meant to accurately reflect the electrospray process, it does reasonably portray the journey of a given ␣-syn protein as it makes its way from solution to the instrument detector. The charged ion is gradually desolvated requiring some intramolecular adjustments to better self-solvate the charge sites. This process leads to a somewhat more compact molecule than one found in solution but does not necessarily facilitate massive rearrangement to the most stable solvent-free family of structures. The results presented here suggest solution like structures are sampled in ion mobility experiments on ␣-syn.
The effect of a single charge on the structure of ␣-syn can be very dramatic. It is apparent from the cross section data in Figure 4 that the protein goes from a predominantly collapsed/globular family of structures for the Ϫ8 (and lower) to a predominantly extended family of structures state at charge state Ϫ9 (and higher). While it is not unusual for proteins to undergo conformational change with charge state [18], usually a major "unfolding" transition occurs over 3 or 4 charge states and the cross-sectional change per charge state is far less than the 50% change observed here. A second difference is the conformational change results for ␣-syn are for a negatively charge protein where most other results in the literature are for positively charged molecules.
Our data suggests the protein charge state may be an important factor in initiating amyloid formation of ␣-syn. One way to reduce charge is to ligate a protein with metal ions. A study of seven natively unfolded Neither one of these two structures are expected to be realistic models of the actual protein, they are simply included as a "yard stick" to gauge the experimental data. Plotted on the right hand side are radii of gyration: "globular" and "all-helical" are calculated values for the corresponding theoretical structures; "SAXS pH 3" and "SAXS pH 7" are experimental data (small angle scattering studies) from [32] ; "random coil" and "globular" are estimated values [32] .
proteins suggests metal ion ligation can induce and accelerate aggregation [7] . If indeed folding is required for aggregation, as appears necessary from measurements of the width of amyloid fibrils formed from ␣-syn [6, 10] , the binding of ␣-syn to one or more metal ions may induce conformational change and thus have implications for the onset PD. These systems are currently under study and the results will be published elsewhere.
The mass spectrum of ␣-syn from pH 7 solution (Figure 2b ) has an interesting feature. Dimer peaks at Ϫ17 to Ϫ21 are observed with significant intensity. This observation is perhaps surprising since we have been discussing the fact that in solution low pH (low charge states) accelerates fibril formation. Yet, at low pH (Figure 2a) there is no sign of dimer formation. An analogous situation occurs in the Alzheimer's peptide A␤42 wt, which is known to form amyloid fibrils rapidly while a mutant F19P does not appear to form them at all [40] . In the mass spectra, no dimer is observed for the A␤42 wt, only a weak monomer signal. Evidence for fibril formation is clear, however, as our nanospray tips rapidly clog for the wt peptide [35] . On the other hand, significant dimer is observed in the mass spectra for the F19P mutant. However, no tip clogging occurs, the solutions spray beautifully and signal levels are an order of magnitude higher than for A␤42 wt. Our explanation for these results is that dimer formation is in fact occurring for A␤42 wt but before the dimer can be observed in the mass spectrum it rapidly moves on to higher aggregates [35] . The F19P mutant also forms dimers (and tetramers) but does not form higher-order aggregates and hence can be observed. The implication is the structures of the dimers are significantly different in the two species.
A parallel situation may be occurring in ␣-syn with two important differences. First, the species involved are the compact wt protein at low pH and an extended wt protein at pH 7. No mutants are involved. Second, and most important, the fibrillization rates for both the folded and the extended protein are slow since no tip clogging is observed regardless of the pH of the solution sprayed. A plausible mechanism that is consistent with our results and with the fact others observe accelerated fibrillization at low pH in ␣-syn is given below:
For compact ␣-syn monomer (i.e., low pH form) formation of the dimer is rate limiting. Once the dimer forms it rapidly aggregates further to form higher oligomers outside the m/z range of out experiment. Fibril formation must occur at substantially smaller rates than for A␤42 wt, however, since tip clogging is not observed. The rate of dimerization of elongated ␣-syn also appears to be slow, as evidence by the fact monomer intensities are substantially greater than the dimer intensities (Figure 2b ). The fact that we observe dimers at pH 7 at all suggests that further aggregation of the species is very slow on our experimental time scale. It also suggests that dimers formed from compact ␣-syn must have substantially different structures than those formed from elongated ␣-syn. Conformation of the mechanism awaits experiments designed to detect higher oligomers of ␣-syn and how their formation depends on solution pH.
Summary and Conclusions
1) ESI mass spectra obtained by spraying neutral pH solutions yield a broad charge state distribution peaking at charge state Ϫ11 suggestive of extended conformations in solution. N-ESI mass spectra of pH 2.5 solutions show a narrow charge state distribution with a maximum intensity at Ϫ8 suggestive of (partially) folded conformations in solution. 2) Ion mobility results demonstrate that low charge states occurring at low pH have small cross sections (ϳ1500 Å 2 ) and are compact while high charge states occurring at physiological pH have larger cross sections (Ͼ 2400 Å 2 ) and are relatively unfolded. The transition from compact to elongated structures occurs from charge state Ϫ8 to Ϫ9 where a 50% increase in cross section is observed. Since the excess charge on ␣-syn is Ϫ9, (at pH 7), only small perturbations in solution properties are required to dramatically change the conformations of the protein (metal ions, pH, etc.).
3) The combined data of mass spectral charge distributions and charge-state dependent cross sections indicates the presence of compact structures ( avg ϭ 1690 Å 2 ) when spraying low-pH solutions and extended structures ( avg ϭ 2530 Å 2 ) when spraying neutral solutions (pH ϭ 7). Our results are in agreement with solution studies by Fink and co-workers who have found that ␣-syn is "natively unfolded" at neutral pH (radius of gyration ϳ40 Å) and partially collapsed at low pH (radius of gyration ϳ30 Å) [32] . 4) Dimer was observed in the mass spectrum sprayed from pH 7 while not from those sprayed from pH 2.5 solutions. This is the first time a dimer has been reported for ␣-syn. The dimers formed at pH 7 are extended and do not appear to further aggregate. If dimers are formed in low pH solutions, they rapidly form higher order oligomers out of the m/z range of our experiment. 5) Our results suggest that solution structures of ␣-syn are essentially retained in the gas phase and that the combination of ion mobility and mass spectrometry is useful tool for studying structures that are difficult to obtain by conventional solution techniques.
